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Abstract 
A new joining method using plastic flow has been developed. In this method, a tool with a shoulder and drill-shaped tip is used. 
This tip rotates and plunges into the workpieces until the shoulder of the tool touches the plate surface. The rotating tool drills a 
hole through the workpieces and deforms into a rivet shape, so the two plates are joined without preprocessing such as drilling a 
rivet hole. Therefore, this method is considered to have a decreased number of processes. However, it is difficult to drill a pilot 
hole with a tool made of metal that is easy to deform, such as aluminum alloy. Therefore, in this study, a pilot hole was drilled 
into the workpieces before using the tool. This method was used to make lap joints, and the joint strength of the joined 
aluminum alloy plates was investigated using a tensile shear test. In all cases, the tool plunge rate was kept constant at 1.2 
mm/min, and the tool rotational speed was set to 766 r/min. A tool plunge depth of 7.0 mm below the upper plate surface was 
used. The tool, which is made of aluminum alloy (AA7075-T6), has a shoulder diameter of 10.0 mm, a cylindrical tip diameter 
of 3.0 mm, and a length of 7.0 mm. The pilot hole was drilled to a diameter of 3.0–3.6 mm. As a result, the tip of the tool 
softens by frictional heat and deforms by compressive loading and shear force. The maximum tensile shearing loads of all the 
samples in this study were more than 2.5 kN, so all of the samples can be joined with high strength. 
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1. Introduction 
In the aviation and space industries, aluminum alloys have been used for decades because of their light weight 
and high specific strength. In those industries, rivet joints are used extensively because aluminum alloys are 
difficult to fusion weld since welding defects such as cracks and voids are easily formed [1-4]. However, in the 
riveting process, metal plates must be held securely together when drilling a rivet hole through more than one sheet 
to prevent misalignment of holes, because aerospace components require high eccentricity accuracy. This causes an 
increase in the number of processes required. Therefore, a new method for joining metal plates that can drill and 
fasten plates in one step is desired.  
In this study, a new joining method that utilizes plastic flow has been developed. In this method, a tool with a 
shoulder and a drill-shaped tip is necessary. This tip rotates and plunges into the workpieces until the shoulder of 
the tool touches the plate surface. The rotating tool drills a hole through the workpieces and deforms into a rivet 
shape, and the two plates are joined without preprocessing such as drilling a rivet hole. Thus, this method decreases 
the number of processes. However, it is difficult to drill a pilot hole with a tool made of metal that is easy to deform 
such as aluminum alloy. Therefore, in this study, a pilot hole was drilled before using the tool on the workpieces. 
This method was used to make lap joints, and the joint strength of the joined aluminum alloy plates was 
investigated using a tensile shear test.  
In the present study, the effect of the diameter of the pilot hole on the mechanical properties of the joints was 
investigated. 
 
Nomenclature 
D Diameter of the pilot hole in the plates  
Da  Diameter of the transformed tool tip 
R Rotational speed of the tool 
2. Experimental procedure 
2.1. New joining method 
As described above, the new joining method utilizes a rotating tool that drills a hole through the workpieces and 
deforms into a rivet shape, thus decreasing the number of processes. Fig. 1 shows rotating tool drill a hole through 
the workpiece and deform to rivet shape, so two plates are jointed without pre-process. As mentioned above, in this 
study, a pilot hole was drilled before using the tool. Thus, Fig. 2 shows a schematic illustration of the process of 
new method of joining two plates.   
 
Fig. 1. Process of new joining method using tool with drill-shaped tip. 
(1) Insert            (2) Transform              (3) Release 
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Fig. 2. Process of joining method using tool with cylindrical tip. 
2.2. Plate and tool 
This method was used to make lap joints, and the joint strength of the joined aluminum alloy plates was 
investigated. The plate material used in this study is AA7075-T6. Fig. 3(a) shows the shape of the plate, which has 
dimensions of 125u40u2 mm. The pilot hole diameter D was changed from 2.9 to 3.6 mm in this study.  
Fig. 3(b) shows the shape of the tool, which is made of AA7075-T6. The tool has a probe diameter of 3.0 mm 
and a probe length of 7.0 mm. The diameter of the shoulder is 10 mm.  
   
 
 
Fig. 3. Shapes of plate and tool. 
 
2.3. Equipment 
In the new plate joining process, the metal plates are joined by inducing plastic flow. Plastic flow occurs as a 
result of compressive load and shear force. A schematic diagram of the equipment is shown in Fig. 4(a). The 
equipment is composed of a tool and a die. The die is made of die steel (D2), and its shape is shown in Fig. 4(b). 
Fig. 5 shows shape of tensile shear test piece. 
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First, the plates are set on the die, and the tool is inserted. After that, a compressive load and shear force, which 
occur by rotation of the tool, are applied to deform the tool. Graphite paste was coated on the die to reduce the 
friction between the tool and die. In this study, the rotation speed, insertion speed, and insertion distance were set 
to 766 r/min, 1.2 mm/min, and 7.0 mm, respectively. In addition, joining of the two plates was conducted at room 
temperature in air. 
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(a) Equipment                        (b) Shape of die 
Fig. 4. Joining equipment. 
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Fig. 5. Shape of tensile shear test piece. 
 
 
 
3. Results and Discussion 
3.1. Observing of samples 
Top-view images of the D = 3.2 mm sample are shown in Fig. 6. It can be seen that the two plates were joined. 
However, the plates could not be joined outside the range of D = 3.0–3.3 mm. Therefore, we discuss the range of D 
= 3.0–3.3 mm in this study. 
Fig 7 shows die-side photographs of the D = 3.0–3.3 mm samples. In all of the samples, the die shape was 
transformed. It can be seen that the tip of the tool was transformed by the compressive load and shear force. 
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 (a) Upper side 
 
 
 (b) Lower side 
Fig. 6. Top-view images of the formed samples (D = 3.2 mm). 
 
 
    
(a) R=0 r/min, D=3.0mm (b) R=0 r/min, D=3.1mm (c) R=0 r/min, D=3.2mm (d) R=0 r/min, D=3.3mm 
    
(e) R=766 r/min, D=3.0mm (f) R=766 r/min, D=3.1mm (g) R=766 r/min, D=3.2mm (h) R=766 r/min, D=3.3mm 
Fig. 7. Die-side photographs of the samples. 
 
3.2. Cross-sectional observation  
 
The cross sections of the samples were observed using a digital microscope camera (VW-6000, KEYENCE). 
Fig. 8 shows section pictures of the longer direction of the samples. The diameters D of the pilot holes in the plate 
are (a) D = 3.0 mm, (b) D = 3.1 mm, (c) D = 3.2 mm, and (d) D = 3.3 mm. In addition, these samples were 
polished with diamond abrasive and etched with a reagent (a solution of nitric acid and ethanol at a volume ratio of 
10%). With increasing diameter D of the pilot holes, the tips of the tools transform along the die to spread in the 
radial direction. This phenomenon is thought to be because the tip of the tool softens by frictional heat and deforms 
by compressive load and shear force. However, the tip of the tool for the R = 0 r/min samples did not transform 
(Fig. 9). In other words, the coefficient of friction between the tool tip and die increases only at a compression load 
(R = 0 r/min), and it becomes hard to transform the tip of the tool.  
10mm 
20mm 
2053 Noboru Nakayama et al. /  Procedia Engineering  81 ( 2014 )  2048 – 2055 
Longitudinal cross-sectional images of the circled region from the digital microscope camera are shown in Fig. 
10 for (a) the center of the R = 766 r/min, D = 3.2 mm sample, (b) the center of the R = 0 r/min, (c) the tip of the R 
= 766 r/min, D = 3.2 mm sample, D = 3.2 mm sample, and (d) the tip of the R = 0 r/min, D = 3.2 mm sample. The 
tool is an extruded material. Therefore, the crystal grains of the tool were oriented in the extruded direction before 
the experiment. In the case of the R = 0 r/min sample, the crystal grains in all areas were oriented in the 
longitudinal direction. However, the crystal grains of the R = 766 r/min sample at the tip tool were oriented along 
the die. In addition, it is known from Fig. 10(c) that the grain size of the material produced by this method was 
very small. The reason for this result is that the crystal grains became small due to the plastic flow and shearing 
force. 
Next, the transformation of the tool was measured from Fig. 7. Fig. 11 shows the relationship of the pilot hole 
diameter D and the transformed tool tip diameter Da. In the case of the R = 0 r/min sample, the diameter Da of the 
transformed tool tip was constant. However, the transformed tool tip diameter Da for the R = 766 r/min sample 
increased with the pilot hole diameter D. When the pilot hole diameter D was small due to friction between the tool 
and the sidewalls of the plates, the tool was hard to turn. However, the tool can turn freely with a free gap between 
the plate and tool if the pilot hole diameter D increases. Therefore, the tool tip can be highly deformed because the 
rotating energy of the tool directly reaches the tip of the tool. 
 
 
 
(a) R = 766 r/min, D = 3.0 mm (b) R = 766 r/min, D = 3.1 mm 
  
(c) R = 766 r/min, D = 3.2 mm (d) R = 766 r/min, D = 3.3 mm 
Fig. 8. Cross sections of samples. 
1mm 
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(a) R = 0 r/min, D = 3.0 mm (b) R = 0 r/min, D = 3.1 mm 
  
(c) R = 0 r/min, D = 3.2 mm (d) R = 0 r/min, D = 3.3 mm 
Fig. 9. Cross sections of the samples. 
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(a) R = 766 r/min, Center (b) R = 0 r/min, Center  
   
(c) R = 766 r/min, Tip (d) R = 0 r/min, Tip   
 Fig. 10. Microscope images of the tools.        Fig. 11. Relationship between diameters of pilot hole and probe tip. 
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3.2. Tensile shear test  
 
In order to investigate the mechanical properties of the plates, tensile shear testing was performed using a tensile 
test machine (AG-IS 250kN, SHIMADZU Co., Ltd.). The test machine was operated at a tensile speed of 1.0 
mm/min. 
Fig. 12 shows the tensile shearing load-displacement curve. Because the gaps between the tool and sidewalls of 
the plates increase if the diameter D of the pilot hole in the plate becomes large, the angle of the tensile shearing 
load and the displacement become small. The tensile shearing load-displacement of the blind rivet (AA5052, 
diameter of 3.2 mm) is also shown in Fig. 12. The degree of leaning of the tensile shearing and the displacement of 
the blind rivet were smaller than for the samples because the blind rivet is tube shaped, and the pulled head was 
removed from the mandrel when the blind rivet was installed. 
Fig. 13 shows the relationship between the maximum tensile shearing load and the diameter D of the pilot hole 
in the plate. The maximum tensile shearing load does not change, even if the pilot hole diameter D changes. The 
tensile shearing load of the blind rivet is also shown in Fig. 13. The tensile shearing load of the blind rivet is 0.58 
kN. All of the tensile shearing loads of the samples joined with the rotating tool are 79–82% higher than the tensile 
shearing load of the blind rivet.  
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Fig. 12. Tensile shearing load-displacement curve. Fig. 13. Relationship between the maximum tensile shearing 
load and the pilot hole diameter D. 
 
4. Considerations 
 
In the present study, the effect of the pilot hole diameter in the workpieces on the mechanical properties of the 
joint was investigated. The following results were obtained: 
(1) The tip of the tool softens by frictional heat and deforms by compressive load and shear force. 
(2) With an increase in the pilot hole diameter, the tip of the tool transforms along the die to spread in the 
radial direction. 
(3) The maximum tensile shearing loads of all of the samples in this study were more than 2.5 kN, so all of the 
samples can be joined with high strength. 
Based on the above results, the new plate joining process using plastic deformation with a rotating tool and a pilot 
hole was developed. Cross-tension tests will be carried out in the near future.  
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